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Preface 


This  study  was  conceived  to  critically  evaluate  the  effects  of 
test  rhombus  size  on  the  Laser  Velocimeter  data  by  measuring  velocity 
and  turbulence  intensity  in  a  plane  free  jet  and  to  compare  the  results 
with  published  data  and  theory.  In  the  past  hot-wire  or  hot-film 
anemometers  provided  the  principal  means  of  measuring  flow  velocities 
and  velocity  correlation  functions,  ^'lese  mechanical  probes  will 
undoubtedly  continue  to  be  important  in  experimental  fluid  mechanics, 
but  their  limitations  and  artificial  disturbances  in  the  flow  make 
new  measuring  techniques  worthy  of  careful  considerations.  The  Laser 
Velocimeter  system  offers  distinct  and  substantial  advantages  over 
alternative  methods  for  measurements  in  particular  flow  situations. 

During  the  course  of  this  study,  a  number  of  people  helped  me 
and  their  cooperation  and  cheerful  attitude  turned  this  work  into 
an  enjoyable  venture.  I  wish  to  thank  my  thesis  advisor.  Dr.  Harold  E. 
Wright,  who  contributed  a  great  deal  to  my  understanding  of  the  subject 
and  equipment  at  various  stages.  His  encouragement  and  enthusiasm 
certainly  helped  me  in  expelling  the  fear  of  the  unknown.  Dr.  William  C 
Elrod,  Capt.  (Dr.)  George  D.  Catalano,  Mr.  William  Baker,  Mr.  Harold 
Leroy  and  Mr.  Carl  Short  provided  valuable  assistance  at  various 
stages  and  helped  me  finish  on  time.  I  am  grateful  to  all  of  these 
benefactors  and  am  glad  to  have  the  opportunity  to  acknowledge  their 
debt  in  this  preface. 
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Abstract 

This  thesis  provides  an  experimental  evaluation  of  the  effects 
of  test  rhombus  size  on  the  photon  correlation  Laser  Velocimeters.  It 
also  provides  a  method  and  results  of  laser  beam  expansion  and  beam 
diameter  measurements.  The  study  was  carried  out  in  the  turbulent 
regime  of  a  plane  free  jet  1  cm  by  10  cm. 

The  flow  field  measurements  were  made  at  25  jet  widths  down¬ 
stream  of  the  nozzle  exit,  at  M  =  0.3,  using  0.5,  1.0,  1.1,  3.0,  5.0, 
7.0  and  10.0  mm  diameter  laser  beams.  The  measurements  taken  were 
mean  velocities  and  turbulence  intensities  which  were  then  compared 
with  the  theoretical  predictions  and  earlier  experimental  results. 

The  Laser  Velocimeter  System  provided  accurate  results  for  mean 
velocities,  but  was  found  to  be  limited  at  higher  turbulence  levels 
(above  20%)  for  beam  diameters  up  to  and  less  than  5.0  mm. 
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EFFECT  OF  TEST  RHOMBUS  SIZE 


ON  PHOTON  CORRELATION  LASER  VELOCIMETER  DATA 

I.  Introduction 


Background 

The  use  of  the  Laser  Doppler  Velocimeter  (LDV)  for  flow 
measurement  was  first  demonstrated  in  1964.  Since  that  time,  it 
has  evolved  from  a  novel  laboratory  instrument  into  a  practical  tool 
for  research  and  industrial  use.  The  LDV's  obvious  advantage  is  its 
ability  to  make  measurements  without  perturbing  the  flow  under 
conditions  where  other  instruments  provide  questionable  results  or 
cannot  be  used  a,  all  . 

The  Malvern  Laser  Velocimeter  system  used  in  this  investigation 
does  not  require  "seeding"  of  the  flow,  but  can  function  with  normal 
laboratory  air  where  sufficient  natural  seeding  exists.  This 
investigation  is  a  continuation  of  a  joint  research  effort  of  AFWAL/FIMM 
and  AFIT  involving  the  critical  evaluation  of  the  photon  correlation 
Laser  Velocimeter  system. 

Previous  Work 

During  the  past  years,  a  number  of  students  completed  their 
master's  thesis  using  the  Malvern  Laser  Velocimeter  system  here  at 
the  Air  Force  Institute  of  Technology  (Refs  2,  5,  7).  Their  work 
ranged  from  the  evaluation  of  LDV  for  flow  diagnostics  in  a  classical 
two-dimensional  jet  to  the  "real  world"  study  of  flow  inside  the  inlet 
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duct  of  a  jet  engine.  These  investigations  revealed  a  good  correlation 
exists  between  the  mean  velocity  profiles  obtained  from  the  LDV  and 
other  diagnostic  tools,  but  the  LDV  system,  like  the  hot  wire  system, 
was  found  to  be  partially  ineffective  in  highly  turbulent  flow  fields. 
However,  the  turbulence  intensities  revealed  a  close  agreement  with 
other  diagnostic  tools  for  turbulence  levels  between  2%  to  30%. 

In  those  earlier  studies,  a  focused  laser  beam  of  1.1  mm  diameter 
was  used,  giving  a  small  focal  volume  at  the  cross-over  point  of  the 
split  beam.  No  attempt  was  made  in  those  studies  to  expand  the  beam 
and  see  the  effects  on  photon  correlation  with  an  increased  focal  volume. 

Objectives 

The  objectives  of  the  investigation  were  (1)  expand  the  1.1  mm 
input  laser  beam  using  apertures  and  beam  expanding  lenses  and  measure 
the  diameters  of  the  expanded  beams;  (2)  map  a  prescribed  flow  field 
employing  various  beam  sizes;  (3)  compare  the  results  of  the  Laser 
Velocimeter  to  theoretical  predictions  and  published  results;  and 
(4)  evaluate  the  effectiveness  of  the  test  rhombus  size  on  the  photon 
correlation  Laser  Velocimeter  data. 

Approach 

The  present  investigation  is  centered  in  the  determination  of 
the  effects  of  test  rhombus  size  on  the  photon  correlation  function  of 
the  Laser  Velocimeter  system.  The  approach  to  this  study  was  to  use 
an  existing  set-up,  a  classical  two-dimensional  jet  developed  by  Shepard 
(Ref  9).  This  jet  is  very  well  documented  and  the  hot  wire  results 
obtained  by  Shepard  and  Cerullo  (Ref  2)  have  proven  to  correlate  well 
with  the  classical  predictions.  However,  the  LDV  results  obtained  by 
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Cerullo  show  that  the  system  was  ineffective  at  high  velocities  and 
high  turbulence  intensities.  In  the  present  study,  the  flow  field  at 
25  jet  width  downstream  of  the  nozzle  exist,  at  M  =  0.3,  was  selected 
for  the  investigation,  using  various  beam  diameters.  The  effects  of 
increased  beam  size  on  the  photon  correlation  would  then  be  documented. 

Scope 

This  paper  would  include  a  method  of  expanding  an  input  laser 
beam  to  a  specific  size  by  the  use  of  an  appropriate  aperture  and  beam 
expanding  lens,  and  a  technique  to  measure  the  output  beam  diameter. 

The  1.1  mm  input  laser  beam,  after  passing  through  aperture  (A-6)  and 
beam  expanding  lens  (L-3),  would  produce  various  beam  sizes  by  merely 
changing  the  focal  length  of  the  output  beam.  Flow  field  measurements 
would  be  made  at  25  jet  widths  downstream  of  the  nozzle  exit,  at 
M  =  0.3,  using  0.5,  1.0,  1.1,  3.0,  5.0,  7.0  and  10.0  mm  diameter  laser 
beams.  Data  obtained  from  the  Laser  Velocimeter  would  be  reduced  for 
the  mean  velocities  and  turbulence  intensities  which  would  then  be 
compared  with  the  theoretical  predictions  and  earlier  experimental 
results. 

This  paper  would  deal  critically  with  two  problem  areas  of 
Laser  Velocimeter  systems;  namely,  limitations  on  the  high  velocity 
measurements  due  to  optical  set-up  and  limitations  on  the  signal 
output  of  the  system  due  to  lower  beam  intensities  with  constant 
seeding.  This  first  chapter  is  followed  by  a  chapter  on  test  apparatus. 
Chapters  III,  IV  andV  describe  instrumentation,  principle  of  operation 
and  experimental  procedure,  respectively.  Results  and  their  discussion 


3 


are  outlined  in  Chapter  VI,  followed  by  chapters  on  conclusions  and 
recommendations .  Some  analytical  solutions,  experimental  results  and 
experimental  data  can  be  found  in  the  appendices. 


II.  Test  Apparatus 


The  test  apparatus  used  was  the  existing  1  cm  by  10  cm  two- 
dimensional  nozzle  constructed  by  Shepard  (Ref  9).  Later,  some  internal 
modifications  were  made  to  the  system  by  Cerullo  (Ref  2)  in  order  to 
achieve  lower  turbulence  and  a  thinner  boundary  layer  at  the  exit. 

The  apparatus  used  by  Cerullo  was  not  modified  for  the  present  study, 
as  it  was  found  suitable  for  Laser  Velocimeter  measurements.  Figure  1 
shows  the  set-up  of  the  two-dimensional  nozzle  and  its  various  components. 

This  particular  test  bed  is  very  well  documented.  A  great  deal 
of  investigation  has  been  carried  out  by  Shepard  and  Cerullo  using  a 
hot  wire  anemometer  and  the  laser  doppler  anemometer.  The  central  aim 
was  not  to  further  investigate  the  flow  field  of  this  test  bed,  but 
to  use  LDV  from  a  totally  different  approach  and  comapre  the  results 
with  the  earlier  experimental  results. 

Test  conditions  selected  were  those  which  could  provide  a  basis 
for  comparison  of  results  to  the  earlier  studies  and  still  remain  within 
the  working  limitations  of  the  LDV.  Therefore,  a  nozzle  exit  Mach 
number  of  0.3  and  test  plane  of  25  jet  widths  downstream  of  the  nozzle 
exit  were  selected  for  the  investigation.  This  test  condition  provided 
exit  velocity  of  100  mps  and  Reynold's  number  (based  on  jet  exit  widths) 
of  6.25  x  104.  Figure  2  shows  the  plane  of  interest  where  measurements 
were  taken  by  the  Laser  Velocimeter  system. 


Figure  1.  Schematic  of  Two-Dimensional  Nozzle 


Figure  2.  Flow  Field  Schematic 


III.  Instrumentation 


Instrumentation  for  data  acquisition  included  Marriam  manometer 
and  a  thermometer  for  pressure  and  temperature  observations,  respectively, 
to  monitor  nozzle  exit  Mach  number.  The  Laser  Velocimeter  System  was 
fixed  on  an  optical  bench,  which  in  turn  was  mounted  on  a  traversing 
mechanism.  The  discharge  nozzle  and  the  components  of  the  LDV  system 
are  discussed  in  the  proceding  section. 

Nozzle 

A  100  inch  Marriam  fluid  manometer  was  used  to  measure  the  total 
pressure  in  the  nozzle  chamber  and,  hence,  determine  the  exit  Mach 
number.  A  thermometer,  positioned  in  a  region  of  the  flow  where  velocity 
of  the  air  was  negligible,  was  used  to  measure  the  total  temperature 
(Figure  1).  In  order  to  maintain  a  constant  pressure  in  the  chamber, 
the  main  compressor  was  run  under  constant  load.  A  course  adjust  main 
valve  and  a  fine  adjust  bypass  valve  located  at  the  inlet  of  the  chamber 
enabled  the  pressure  to  be  regulated  in  the  chamber. 

Laser  Doppler  Velocimeter 

The  LDV  set-up  consisted  of  a  helium-neon  laser,  a  beamsplitter, 
three  mirrors,  a  200  mm  telephoto  lens,  a  photomultiplier  tube,  a 
digital  correlator  and  an  oscilloscope.  The  LDV  set-up  is  shown  in 
Figure  3.  Figure  4  provides  the  pictorial  view  of  the  experimental 
set-up.  The  LDV  was  operated  in  the  forward  scatter  mode.  The  following 
is  a  brief  description  of  the  compoennts.  A  more  detailed  description 
of  the  system  can  be  found  in  Reference  4. 
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Figure  4.  LDV  Experimental  Set-up 


Laser.  A  Spectra  Physics  Model  124A  helium-neon  laser  operating 

o 

at  6328  A  with  a  nominal  output  power  of  15  mW  was  used.  Incorporated 
with  the  laser  was  a  Model  255  DC  exciter  and  together  they  produced  a 
laser  beam  of  1.1  mm  diameter. 

Beamsplitter.  A  5  inch  diameter  beamsplitter  was  used  to  split 
the  laser  beam  into  bwo  beams  of  nearly  equal  power.  A  beamsplitter 
support  was  provided  with  two  micrometer  adjustments  which  provided 
means  to  make  fine  adjustment  of  the  reflected  beam  in  two  axes. 

Mirrors .  Three  5  inch  diameter  plain  mirrors  were  used  for 
reflecting  the  beam.  Their  mounts  were  also  provided  with  two  micro¬ 
meter  adjustment  which  were  used  for  fine  adjustment  of  the  cross¬ 
over  point  of  the  two  beams  at  the  focal  spot. 

Telephoto  Lens.  A  200  mm  telephoto  lens  installed  with  a  9.0  cm 
spacer  was  used  to  align  the  photomultiplier  optics.  The  lens  collected 
the  light  scattered  by  the  particles  as  they  moved  through  the  focal 
volume  and  focused  the  light  onto  a  pinhole  aperture.  A  400  ym 
pinhole  aperture  was  selected  for  this  investigation  which  provided  a 
flow  control  volume  diameter  of  0.72  mm  being  observed  (Ref  4). 

Photomultiplier  Tube.  The  photomultiplier  tube  was  an  EMI  9863 
KB/100  unit  supplied  by  Malvern  Instruments.  An  EMI  PM  25B  power 
supply  regulated  a  constant  1850  volts  to  the  PM  tube.  The  lens  system 
focused  the  incident  light  from  the  focal  volume  onto  the  pinhole 
aperture  and  via  a  narrow  band  spectral  filter  onto  the  PM  tube 
cathode.  Photons  scattered  by  the  moving  particles  in  the  focal 
volume  were  received  at  the  cathode  of  the  PM  tube.  These  photons 
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generated  the  signal  which  was  amplified  by  the  PM  tube  circuitry  and 
sent  the  signal  to  the  digital  correlator. 

The  set-up  and  operation  of  the  PM  tube  were  the  most  critical. 

It  could  very  easily  be  damaged  by  its  inadvertent  exposure  to  direct 
laser  light  or  any  other  kind  of  bright  light,  when  the  high  voltage 
supply  was  switched  on.  However,  a  standby  mode  on  the  power  supply 
allowed  for  a  low  voltage  on  the  grid  circuit,  avoiding  damage  to  the 
PM  tube  while  room  lights  were  on.  This  mode  also  allowed  for  instant 
operation  of  the  PM  tube  once  the  full  voltage  was  supplied  to  it. 

Another  critical  and  important  portion  of  the  set-up  was  the  optimum 
focusing  and  alignment  of  the  PM  tube  for  the  proper  operation  of  the 
entire  system. 

Digital  Correlator.  The  type  K7023  Malvern  digital  correlator 
system  consisted  of  a  high  speed  (50  nanosecond  resolution)  digital 
correlator  and  a  storage  unit  (Figure  5).  This  instrument  received 
data  from  the  PM  tube,  stored  and  processed  it,  and  developed  the 
autocorrelation  function  which  was  developed  for  this  study  and  displayed 
on  the  oscilloscope.  As  long  as  the  system  was  in  operation,  the  auto¬ 
correlation  function  was  continuously  being  updated.  The  autocorrelation 
function  evaluation  could  be  ceased  at  any  time  by  placing  it  in  the 
stop  mode  for  obtaining  digital  values  of  the  function.  In  the  reset 
mode,  the  data  acquisition  and  processing  could  be  started  afresh. 

Oscilloscope.  An  AN/USM-425(V) 1  oscilloscope  was  used  for 
display  of  the  autocorrelation  function  from  the  digital  correlator. 

The  sinusoidal  curve  of  the  autocorrelation  function  shown  on  the 
screen  of  the  oscilloscope  in  Figure  5  is  the  digital  autocorrelator 
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Figure  5.  Digital  Correlator  and  Oscilloscope  Set-up 
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display  of  the  PM  tube  signal.  Velocity  and  turbulence  intensity 
information  was  extracted  from  this  curve  simply  by  recording  the 
channel  number  and  content  of  the  first  minimum,  g^  ,  the  first 
peak,  g2  ,  and  the  second  minimum,  g^  .  The  proceding  section 
describes  in  detail  the  operating  principle  of  the  system. 
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IV.  Principle  of  Operation 

The  purpose  of  this  section  is  to  provide  an  abbreviated 
description  of  principle  of  the  laser  velocimeter  system  and  its 
working  equations.  Detailed  description  of  installation  procedure 
and  operating  principles  of  the  LDV  is  given  in  Malvern  manual 
(Ref  4)  and  in  Roger's  thesis  (Ref  7). 

The  basic  principle  of  the  LDV  is  that  it  records  the  time 
taken  by  a  particle  to  travel  a  known  distance  in  the  focal  volume. 
This  known  distance  is  the  spacing  between  the  fringes.  Flow 
particles  of  the  unseeded  air  are  assumed  to  follow  the  flow.  There¬ 
fore,  the  velocity  of  those  particles  computed  by  the  LDV  is  the 
flow  velocity. 

Figure  6  shows  various  electronic  components  used  for  data 
processing  in  the  LDV.  It  shows  that  the  two  laser  beams  cross  at 
the  point  at  which  the  flow  measurements  are  taken.  Intersection 
of  two  coherent  laser  beams  at  a  common  point  form  a  set  of  parallel 
fringes  as  depicted  in  Figure  7.  This  figure  indicates  the  principle 
of  the  "interference  fringe"  model  which  provides  the  basis  for 
quantitative  analysis  of  the  laser-doppler  signal.  Fringe  spacing, 

S  ,  can  be  calculated  with  the  help  of  the  interference  model 
shown  in  Figure  7. 


A 

S  =  - 

2sin0 
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Figure  7.  Interference  Fringe  Model 

This  value  of  S  is  valid  for  a  medium  having  refractive 
index  of  unity.  For  a  medium  having  refractive  index,  y  ,  the  fringe 
spacing  would  be: 

1  X 

S  = -  (1) 

2sin0  y 

A  cross-section  view  of  the  focal  volume  at  the  beam  inter¬ 
section  point  is  given  in  Figure  8.  As  indicated  in  this  figure, 
when  a  number  of  flow  particles  pass  through  the  field  of  spatially 
varying  light  intensity  (optical  fringes),  they  scatter  light  in 
the  form  of  photons  in  all  directions.  Portions  of  these  scattered 
photons  are  detected  by  the  photomultiplier  tube  through  the  pinhole 
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Figure  8.  Schematic  of  Beam  Intersection  Point 


aperture.  As  this  light  hits  the  cathode  of  the  PM  tube,  it  causes 
a  pulse  train  burst  which  is  then  passed  onto  a  high  gain  amplifier 
and  discriminator  for  maintaining  only  the  frequency  modulation. 

This  signal  is  then  passed  onto  the  digital  correlator  for  further 
processing. 

The  digital  correlator,  in  order  to  extract  the  periodicity  of 
the  pulse  train,  multiplies  the  pulse  train  with  many  time -delayed 
versions  of  itself.  The  output  of  the  correlator  is  then  fed  to  the 
oscilloscope  for  visual  display.  Figure  9  shows  the  display  of  the 
autocorrelation  function  on  the  oscilloscope.  Mean  velcoity  and 
turbulence  intensity  can  be  extracted  out  of  the  autocorrelation 
function  with  the  help  of  the  following  working  equations. 
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Figure  9.  Oscilloscope  Display 


Working  Equations 

A  detailed  description  for  working  equations  of  mean  velocity 
and  turbulence  intensity  is  outlined  in  Malvern  manual  (Ref  4) 

Fringe  spacing,  S  ,  is  given  by  Eq  (1).  Beam  angle,  6  ,  in  terms 

of  geometry  of  the  optics,  is  given  in  the  sketch  below. 


Here,  D  is  the  distance,  the  two  beams  are  apart  at  any  reference 
surface  and  L  is  the  distance  traveled  by  a  beam  from  the  point 
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on  the  reference  surface  to  the  focal  spot.  Then  Eq  (1)  becomes 


S 


L  X 

D  p 


where 

S  =  fringe  spacing 

X  =  wave  length  of  laser  beam  =  6.328  x  10-9  m 
p  =  refractive  index  of  air  =  1.0 

The  correlator  time,  T  ,  is  defined  as  the  time  taken  by  a 
particle  to  travel  through  one  fringe  spacing  (Figure  10).  This 


Figure  10.  Autocorrelation  Function 

time,  T  ,  can  be  calculated  from  the  sample  time  setting  on  the 
correlator  and  channel  number  of  the  first  peak,  g2* 
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T  =  (channel  number  of  peak  -  3)  x  sample  time 
Velocity,  U  ,  of  the  flow  is  then  given  by 

U  =  —  (2) 

T 


and  the  turbulence  intensity,  q  . 


1  1  j. 

-  [(R  -  1)  +— ]* 


(3) 


where 

n 

ro 

R 

91 

92 

93 


s 

radius  of  the  focused  beam 


,g2  ~  9] 

92  -  g3 


0 


contents  of  channel  corresponding  to  first  minimum 
contents  of  channel  corresponding  to  first  maximum 
contents  of  channel  corresponding  to  second  minimum. 


Equation  (3)  is  valid  for  turbulence  intensity  up  to  q  =  0.2  or 
20%  (Ref  4).  A  detailed  development  of  Eq  (3)  is  contained  in 
Reference  4. 
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V.  Experimental  Procedure 


The  following  section  presents  a  brief  description  of  the 
experimental  procedure  employed  in  this  investigation. 


Test  Condition 

The  nozzle  exit  velocity  was  in  the  compressible  flow  regime; 
therefore,  applicable  tables  were  used  for  calculating  the  required 
chamber  pressure.  Velocity  in  the  calming  chamber  was  negligible; 
hence,  pressure  and  temperature  measured  in  the  calming  chamber  were 
assumed  to  be  total  conditions.  For  compressible,  isentropic  flow 
in  a  nozzle,  the  pressure  and  temperature  relations  in  terms  of  exit 
Mach  number  are  given  by  the  following  equations: 


-jr  =  (l  +  M2  )  ^ 


(4) 


From  Eq  (4) 


M2 


T_ 

T. 


k-1 

nr 


U2  _  2 

gkRT  "  i TT 


k-1 

nr 


(5) 


Replacing  T  in  terms  of  TQ  from  Eq  (5),  and  after  suitable  algebraic 
manipulation,  the  exit  velocity,  U  ,  can  be  written  in  the  following 
form: 
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where 

P 

=  P  atmospheric  pressure  for  P  t  0.52828  P 

a  0 

P 

=  p  +  p 

0 

c  a 

Pc 

=  calming  chamber  gage  pressure 

To 

=  Tc  calming  chamber  temperature 

Equation  (4)  can  be  used  directly  to  find  total  pressure  and,  in 
turn,  calming  chamber  pressure  for  the  required  exit  Mach  number,  M  . 
Constant  pressure  in  the  calming  chamber  was  maintained  by  adjusting 
the  compressed  air  by-pass  valve,  which  was  vented  to  the  atmosphere, 
until  steady  flow  at  the  desired  pressure  was  obtained  with  the 
compressor  running  under  a  constant  load  condition. 

Optical  Alignment 

The  first  step  before  starting  on  the  alignment  of  the  equipment 
was  to  make  the  test  apparatus  and  traversing  mechanism  orthogonal  to 
each  other,  so  that  the  flow  measurements  in  the  required  direction  could 
be  carried  out.  The  next  step  was  to  focus  the  two  beams  at  the  center 
of  the  jet  and  at  25  cm  downstream  of  the  nozzle  exit.  This  was 
accomplished  by  setting  the  bisector  of  the  angle  between  the  beams 
parallel  to  the  optical  bench  and  orthogonal  to  the  jet  flow.  The  fine 
adjustment  in  focusing  the  two  beams  at  the  focal  spot  was  carried  out 
with  the  help  of  the  micrometer  adjustments  provided  by  the  mirror 
and  the  beamsplitter  mounts. 
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This  was  followed  by  the  alignment  of  the  photomultiplier  tube 
optics.  According  to  the  distance  between  the  PM  tube  and  the  focal 
volume,  a  200  mm  telephoto  lens  and  two  spacers  (9.0  cm)  were  selected 
(Ref  4).  A  piece  of  transparent  paper  was  placed  at  the  focal  spot, 
and  the  PM  tube  was  roughly  aligned  with  the  focal  volume  by  looking 
through  the  polaroid  eyepiece.  The  fine  focusing  adjustment  was  carried 
out  by  translating  the  PM  tube  forward  and  back  on  its  railing,  and 
adjusting  the  telephoto  lens  until  the  sharpest  image  of  the  focal 
volume  was  visible  through  the  polaroid  eyepiece.  The  final  step  was  to 
center  the  light  entering  the  PM  tube  onto  its  pinhole  aperture.  This 
was  accomplished  by  viewing  the  light  through  an  X10  eyepiece  and  adjusting 
the  X  and  Y  control  knobs  provided  on  the  mount  of  the  PM  tube. 

After  aligning  the  optics,  a  few  trial  runs  were  made  for  the 
purpose  of  familiarization  before  the  actual  runs  with  the  expanded 
beam  were  carried  out. 

Beam  Expansion 

The  laser  beam  could  be  expanded  to  a  fixed  diameter  with  the  use 
of  the  beam  expanding  lens  and  pinhole  aperture.  A  detailed  description 
of  the  1.1  mm  input  laser  beam  expansion  and  its  diameter  measurements 
is  contained  in  Appendix  D.  Table  I  shows  the  combination  of  expanding 
lenses  and  pinhole  apertures,  their  measured  output  beam  diameters  and 
output  laser  power. 

As  discussed  in  Appendix  D,  laser  power,  PL  ,  is  one  of  the 
factors  which  influence  the  signal -to-noise  ratio  of  the  PM  tube. 

Therefore,  the  use  of  the  telescope  was  found  to  be  more  practical  than 
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TABLE  I 


Results  of  Beam  Expansion  Experiment 


Expanding 

Lens 

L 

Pinhole 

Aperture 

A 

Output  Beam 
Diameter 

Output  Laser 
Power 

6 

6 

12  mm 

0.02  mW 

3 

6 

27  mm 

13.1  mW 

3 

4 

30  mm 

10.0  mW 

1 

3 

50  mm 

8.6  mW 

changing  the  beam  diameter  size  by  using  various  lenses  and  apertures, 
as  this  permitted  the  use  of  one  optical  set-up  and  gave  the  optimum 
beam  intensity  for  this  investigation.  For  the  present  investigation, 
beam  expanding  lens  L3  and  pinhole  aperture  A6  were  selected  and  the 
various  beam  diameters  at  the  focal  volume  were  obtained  by  merely 
changing  the  focal  length  of  the  telescope.  A  second  advantage  of  the 
system  was  that  the  total  power  in  the  focal  volume  was  a  constant  with 
intensity  varying  with  volume. 

Data  Acquisition 

The  objective  of  this  investigation  was  to  map  the  flow  field  at 
the  jet  exit  Mach  number  of  0.3.  The  suitability  of  the  LDV  to  measure 
velocities  depends  mainly  on  the  value  of  the  fringe  spacing,  S  , 
which  itself  depends  on  the  value  of  ^  .  jj 


,  a  measure  of  incidence 


angle  between  the  two  beams  at  the  cross-over  point,  was  required  to  be 
in  the  order  of  24  to  measure  the  flow  velocities.  This  was  achieved 
by  reflecting  the  two  beams  from  a  mirror  to  make  them  travel  a  longer 
distance,  L  ,  before  crossing  at  the  focal  spot  (Figure  3).  This 
optical  set-up  gave  j=-  =  23.4  and  S  =  14.81  x  10~6  meters  and 
remained  such  throughout  the  investigation. 

Data  were  taken  which  could  yield  mean  velocity  and  turbulence 
intensity  information.  In  this  study,  only  the  flow  in  the  half  jet 
width  was  investigated,  as  this  particular  jet  had  already  been  proven 
to  be  axially  symmetric  (Refs  2,  9). 

In  order  to  reduce  the  data  efficiently,  computer  programs  were 
developed  prior  to  the  running  of  the  experiment.  Large  amounts  of 
data  were  processed  by  the  CDC  6600  computer  and  Calcomp  Plotter. 

All  the  experimental  data  are  presented  in  Appendix  F.  Results  of 
this  investigation  are  discussed  in  the  next  section. 
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VI .  Results  and  Discussion  of  Results 

The  central  aim  of  this  study  was  not  to  investigate  the  behavior 
of  the  jet,  but  to  evaluate  the  effects  of  test  rhombus  size  on  the 
photon  correlation  laser  velocimeter  system  and  compare  the  results 
with  the  existing  published  data.  The  test  conditions  selected  for 
this  study  were  those  which  could  provide  a  basis  for  comparison  of 
the  results  to  the  earlier  studies  and  still  remain  within  the  working 
limitations  of  the  LDV.  Therefore,  the  flow  field  measurements  were 
made  at  25  jet  widths  downstream  of  the  nozzle  exit,  at  M  =  0.3  , 

using  0.5,  1.0,  1.1,  3.0,  5.0,  7.0  and  10.0  mm  diameter  laser  beams. 

The  results  of  this  investigation  are  discussed  in  the  following 
pages.  The  plots  presented  are  representative  of  the  results  obtained 
with  that  particular  beam  diameter.  A  complete  set  of  data  is  presented 
in  Appendix  F. 

All  the  data  were  non-dimensional i zed  as  shown  on  the  appropriate 
plots.  The  method  used  was  that  used  by  Shepard  (Ref  9)  and  Cerullo 
(Ref  2),  so  that  a  proper  comparison  with  their  results  could  be  made. 

Center-Line  Velocity 

The  ratio  of  center-line  velocity  to  jet  exit  velocity  is  compared 
with  the  following  theoretical  prediction,  Eq  (B-7)  of  Appendix  B; 


U 

U 


cen 

cor 


at  x=25  cm 


0.6 


(7) 
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where  U  is  the  jet  exit  velocity.  The  experimental  results  are 
cor 

shown  in  Table  II  below. 


TABLE  II 

Results  of  U„  /U  ^ 
_  cen  cor 


Beam 

Diameter 

mm 

Ucor 
m  p  s 

Ucen 
m  p  s 

Ucen 

Ucor 

1.1 

97.553 

59.244 

0.6073 

0.5 

103.927 

63.025 

0.6064 

1.0 

91.924 

56.965 

0.6197 

3.0 

87.086 

54.855 

0.6299 

5.0 

102.143 

59.244 

0.5800 

7.0 

92.394 

51.968 

0.5625 

10.0 

81.367 

55.890 

0.6869 

Table  II  shows  that  the  experimental  values  remained  close  to 
the  theoretical  predictions  (within  ±  5%)  for  laser  beam  diameters  up 
to  5.0  mm.  Beyond  5.0  mm  diameter,  the  results  started  deviating 
from  the  theoretical  values.  This  deterioration  in  the  results  at 
higher  beam  diameters  is  due  to  the  fact  that  the  laser  beam  intensity 
reduces  as  the  diameter  increases,  introducing  noise  in  the  signal 
output  of  the  photomultiplier  tube.  This  behavior  of  the  PM  tube  will 
be  discussed  in  detail  later  in  this  section. 
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Mean  Velocity  Similarity 

When  measurements  in  a  free  jet  are  made  across  the  jet  at 
points  where  the  flow  is  fully  isotropic  turbulent,  the  mean  velocities 
present  at  different  stations  in  the  flow  will  all  reduce  to  the  same 
curve  if  properly  non-dimensional ized.  In  order  to  compare  the  results 
to  the  theoretical  curves  developed  by  Tollmien  and  Gortler  (Ref  1), 
the  velocities  and  the  distances  from  the  center  were  non-dimensional ized 
by  dividing  by  Ucen  and  y^  ,  respectively,  where  y,  is  defined  as 
the  distance  from  the  center-line  of  the  jet  to  the  point  where  the 
local  velocity  is  50%  of  the  center-line  velocity.  Results  of  mean 
velocity  similarity  profiles  are  presented  in  Figures  11  through  18. 

Figure  11  shows  the  results  of  a  1 .1  mm  unexpanded  laser  beam. 
Figures  12  to  18  are  the  results  of  the  expanded  beams  ranging  from 
0.5  mm  diameter  to  10.0  mm  diameter,  using  beam  expanding  lens  L3  and 
pinhole  aperture  A6  as  explained  earlier.  These  results  show  that  the 
experimental  values  are  in  good  agreement  with  the  theoretical  curves 
up  to  a  laser  beam  of  7.0  mm  diameter.  These  figures  also  show  that 
the  experimental  values  are  close  to  the  Gortler  curve  and  fall  within 
±  5%  error  of  the  theoretical  predictions.  These  experimental  results 
also  agree  very  well  with  Shepard's  and  Cerullo's  results. 

Figure  17  shows  the  results  of  a  10.0  mm  diameter  beam.  This  figure 
seems  to  be  in  fairly  good  agreement  with  the  Gortler  curve  close  to 
the  jet  center  and  with  the  Tollmien  curve  close  to  the  jet  boundary. 

But,  as  shown  in  Table  II,  the  center-line  velocity  measured  with  the 
10.0  mm  beam  is  much  higher  than  the  theoretical  prediction;  also,  the 
value  of  y,  is  higher  than  the  average  value  of  the  experiments  with 
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FIG. 11.  HERN  VELOCITY  SIMILARITY  PROFILES  USING  1.1  MM  BEAM 
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FIG. 13.  MEAN  VELOCITY  SIMILARITY  PROFILES  USING  1.0  MM  BERM 
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FIB. 14.  HERN  VELOCITY  SIMILARITY  PROFILES  US1NB  3.0  MM  BEAM 
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FIG.  15. MEAN  VELOCITY  SIMILARITY  PROFILES  USING  5.0  MM  BEAM 
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FIG.  16. MEAN  VELOCITY  SIMILARITY  PROFILES  USING  7.0  MM  BEAM 


VELOCITY  SIMILARITY  PROFILES 


lower  beam  diameters.  The  value  of  yt  comes  out  to  be  2.81  cm 
(1.106  inches)  as  compared  to  2.236  cm  (.88033  inches)  of  the  averaged 
values  of  experiments  involving  the  lower  beam  diameters,  excluding 
the  7.0  mm  beam  results.  This  average  value  of  y^  is  very  close  to 
the  one  measured  by  Shepard  and  Cerullo.  The  7.0  mm  beam  results  are 
also  questionable,  as  the  value  of  y,  comes  out  to  be  2.762  cm 
(1.0874  inches)  in  this  case.  While  plotting  the  velocity  similarity 
profile,  one  forces  the  data  to  pass  through  two  points;  that  is,  at 


£-«0  . 


u 


=  1 .0  and  at  =  1  , 


U 


U  =  0.5  .  This  makes 

cen 


\  ^cen 

the  experimental  points  fall  close  to  the  theoretical  curve  as  shown 

in  Figure  17.  But  once  the  same  results  are  plotted  after  non- 

dimensional  izing  the  data  by  the  expected  values  of  U  and  y,  , 

cen  -"2 

the  velocity  similarity  profile  appears  to  be  the  one  shown  in  Figure  18. 
This  figure  shows  that  the  experimental  points  are  away  from  the 
theoretical  curve,  especially  in  the  vicinity  of  the  center  of  the 
jet  where  velocities  are  higher. 

This  behavior  of  the  experiment  at  higher  beam  diameter  can  best 
be  explained  by  the  help  of  an  analytical  solution  for  the  laser  power 
requirements  derived  in  Appendix  C  to  this  report.  Equation  (C-ll) 
provides  a  quantified  relation  of  the  output  of  the  photomultiplier 
tube  as  a  function  of  the  laser  power,  velocity,  optical  arrangement 
and  photodetector  properties.  The  output  of  the  PM  tube  in  terms  of 
number  of  electrons  leaving  the  cathode  of  the  PM  tube  is  given  by 


■  4,Vc 


Pl  Qscat  rp 
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As  discussed  in  Appendix  D,  the  number  of  electrons,  Ng  ,  is 
a  direct  measure  of  the  output  signal  efficiency  of  the  PM  tube. 

The  higher  the  value  of  Ng  ,  likewise  the  higher  the  signal-to-noise 
ratio.  In  Eq  (8),  all  the  parameters  on  the  right  hand  side  are 
constants  except  the  focused  beam  diameter,  Dj  .  This  shows  that 
the  signal-to-noise  ratio  is  inversely  proportional  to  the  square 
of  the  focused  beam  diameter,  Dj  .  This  explains  the  deterioration 
of  the  signal-to-noise  ratio  and,  hence,  the  results  at  higher  beam 
diameters.  Figure  19  shows  the  output  of  the  correlator  with  small 
and  large  beam  diameters  at  the  same  point  in  the  flow  field. 

Another  factor  which  appears  on  the  right  hand  side  of  Eq  (8) 
is  the  signal  frequency,  v  ,  which  affects  the  output  signal.  This 
signal  frequency  is  the  ratio  of  the  particle  velocity  to  the  fringe 
spacing.  It  indicates  that  a  decrease  in  the  flow  velocity  would 
increase  the  signal-to-noise  ratio.  This  factor  is  evident  in  the 
results  as  the  data  with  higher  beam  diameters  and  at  points  away 
from  the  center-line,  where  velocities  are  small,  are  in  conformity 
with  the  theoretical  results. 

The  results  of  mean  velocity  profiles  show  a  good  agreement  with 
the  theoretical  curves  and  earlier  experiments  up  to  a  beam  diameter 
of  5.0  mm.  The  beam  diameters  higher  than  5.0  mm  produced  questionable 
results. 

Turbulence  Intensity  Profiles 

The  data  for  turbulence  intensities  are  also  non-dimensional i zed 
by  yQ  ,  where  yQ  is  the  half-width  of  the  jet  nozzle  at  the  exit. 
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Figure  19.  Autocorrelation  Function  at  (a)  Small  Beam 
Diameter  (1.0  mm),  (b)  Large  Beam  Diameter 
(15.0  mm) 
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Theoretically,  non-dimensional izing  the  turbulence  intensity  profiles 
should  reduce  them  to  one  curve  regardless  of  the  beam  diameter  used. 
The  results  of  an  unexpanded  1.1  mm  beam  and  an  expanded  beam  of 
3.0  mm  diameter  are  shown  in  Figures  20  and  21,  respectively.  The 
plots  for  other  beam  diameters  are  presented  in  Appendix  E. 

All  of  the  turbulence  measurements  are  compared  with  the  Hot 
Wire  results  obtained  by  Cerullo.  The  Hot  Wire  results  are  for  an 
exit  Mach  number  of  0.4.  Cerullo  carried  out  measurements  at  M  =  0.4 
0.6  and  0.8,  and  the  trend  of  his  turbulence  measurements  shows  that 
for  M  =  0.3  ,  the  Hot  Wire  turbulence  intensity  profile  should  be 

slightly  lower  than  the  one  used  here  for  comparison.  Figures  20 
and  21  show  that  the  turbulence  intensity  profile  generally  follows 
the  same  trend  as  that  of  the  hot  wire,  but  nothing  can  be  said 
positively  as  these  two,  and  the  rest  of  the  plots  in  Appendix  E, 
do  not  fall  into  one  similar  curve. 

Figure  22  shows  the  turbulence  intensity  profile  by  taking  the 
average  value  of  the  turbulence  intensities  for  0.5,  1.0,  1.1,  3.0 
and  5.0  mm  beam  diameters.  This  figure  indicates  that  for  turbulence 
level  up  to  20%,  results  are  close  to  the  hot-wire  results.  These 
average  results  show  a  better  correlation  with  the  hot-wire  results 
than  the  individual  results. 

For  the  purpose  of  comparison,  the  only  data  available  is  that 
of  Cerullo.  His  turbulence  intensity  data  by  the  LDV  was  so  erratic 
that  it  went  off  the  scale  and  he  did  not  plot  his  LDV's  results. 

From  the  results  of  this  study,  it  appears  that  the  turbulence 
intensities  in  the  vicinity  of  the  jet  boundary  are  close  to  the 
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FIG. 21 .  TURBULENCE  INTENSITY  PROFILES  USING  3.0  MM  BERM 
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FIG. 22.  TURBULENCE  INTENSITY  PROFILES  WITH  flVERRDE  DATA 
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Hot  Wire  results.  Also,  there  is  an  upper  limit  for  validity  of  the 
Hot  Wire  turbulence  measurement.  At  places  where  turbulence  intensity 
is  recorded  more  than  20%,  the  results  deviate  quite  a  bit  from  the 
Hot  Wire  results.  This  can  be  explained  by  the  fact  that  the  formula 
used  for  calculating  the  turbulence  intensity  is  valid  only  up  to 
turbulence  level  of  20%  (Ref  4).  Those  values  above  this  limit  must 
be  viewed  accordingly. 

The  equation  of  turbulence  intensity  is 


n 


1 

/Z  IT 


A  problem  of  computing  the  turbulence  intensity  arose  when  the  R 
value  was  less  than  1.0.  For  this  investigation,  it  was  assumed 
that  values  of  R  in  the  range  of  R  <  1.0  corresponded  to  a  0% 
turbulence  intensity.  Some  concluding  remarks  on  these  results  are 
contained  in  the  next  section. 
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VII.  Conclusions 


As  a  result  of  the  investigation  of  the  effects  of  the  test 
rhombus  size  on  the  photon  correlation  laser  velocimeter  data  and 
limited  computer  aided  data  reduction,  the  following  conclusions  are 
drawn : 

1.  The  Laser  Velocimeter  System,  within  the  framework  of  the 
scope  of  this  study,  produced  good  results.  The  mean  velocity  results 
obtained  in  this  investigation  for  beam  diameters  up  to  5  mm  are  in 
conformity  with  the  analytical  predictions  and  consistent  with  the 
earlier  experimental  results.  Error  in  the  mean  velocity  remained 
below  51  of  the  theoretical  predictions. 

2.  The  LDV  system  as  configured,  while  quite  accurate  for  mean 
velocities,  did  not  perform  very  well  in  the  range  of  turbulence 
intensities  required.  Although  some  improvement  in  this  area  in  the 
present  study  has  been  made,  the  turbulence  intensity  data  above 
the  20%  level  is  questionable. 

3.  The  effects  of  the  test  rhombus  size  were  investigated,  and 

it  became  evident  that  the  beam  sizes  could  be  increased  to  the  working 
limitations  of  the  LDV  system  (5  mm  diameter),  beyond  which  it  reduced 
the  output  signal -to-noise  ratio  of  the  PM  tube  and  produced  question¬ 
able  results. 

4.  The  averaging  of  the  turbulence  intensity  results  obtained 
from  the  multi-readings  at  a  particular  station  decreases  the  scatter 
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in  the  data  and  increases  the  accuracy  of  the  results. 

Based  on  these  conclusions,  recommendations  are  made  in  the 
next  section  for  extending  the  use  of  the  system. 


VIII.  Recommendations 


The  present  LDV  system  can  be  used  effectively  for  future  study. 
The  following  are  the  recommendations  to  bring  about  possible 
improvements  to  the  system  for  future  investigations. 

1.  On  the  basis  of  the  present  study,  it  can  be  safely  stated 
that  the  data  for  the  mean  velocity  and  turbulence  intensity  below  the 
20%  level  is  accurate  and  reliable.  For  the  measurements  in  the 
region  where  the  turbulence  level  is  more  than  20%,  a  modified  method 
of  obtaining  the  data  from  the  autocorrelation  function  could  be 
employed  by  fitting  a  third  order  polynomial  to  the  autocorrelation 
function  to  correct  it  for  the  skewness.  This  method  is  outlined  in 
Reference  10,  and  would  involve  the  use  of  a  phase  modulator  with 

the  present  system. 

2.  The  present  system  was  limited  to  the  nozzle  exit  Mach  number 

of  0.3.  For  measuring  higher  velocities,  either  a  correlator  with 
smaller  resolution  time  would  be  helpful,  or  improving  the  optical 
set-up  by  decreasing  the  incidence  angle  between  the  two  beams  at  the 
cross-over  point  of  the  present  system  would  serve  the  purpose.  For 
improving  the  optical  set-up,  it  would  be  very  difficult  to  further 
increase  the  size  of  the  optical  bench  and  traverse  it  along  with  the 
equipment  across  the  flow  field.  Instead,  the  equipment  could  be 
placed  at  a  permanently  fixed  position  at  a  sufficient  distance  away 
from  the  flow  field  (giving  required  incidence  angle,  0  )  and 

traversing  the  calming  chamber  by  placing  it  on  a  traversing  mechanism 
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and  connecting  the  inlet  with  the  air  supply  by  means  of  a  high  pressure 
flexible  hose.  This  would  also  eliminate  the  chances  of  disturbing 
the  focusing  and  alignment  of  the  equipment  while  traversing  the 
optical  bench  during  the  experiment. 

3.  A  more  detailed  evaluation  of  the  effects  of  test  rhombus 
size  could  be  made  by  the  use  of  higher  size  pinhole  apertures  in  the 
PM  tube.  This  would  increase  the  scanning  area  of  the  focal  volume 
observed  by  the  PM  tube  and  would  also  improve  the  signal -to-noise 
ratio.  But  with  higher  size  pinhole  apertures,  utmost  precaution  must 
be  taken  with  small  beam  sizes,  as  it  might  allow  excessive  light  to 
enter  the  PM  tube  and  damage  it. 

4.  A  phasemodulator  with  larger  crystals  to  accommodate  larger 
beam  diameter  would  extend  the  system  to  measure  higher  turbulence 
levels . 

5.  To  evaluate  scatter  in  the  data  and  thus  enhance  the 
quality  of  the  data,  multi -readings  at  each  station  should  be 
accomplished.  This  can  now  be  made  possible  with  recent  delivery  of 
the  automatic  data  acquisition  and  processing  system  to  the  Department 
of  Aeronautics  and  Astronautics. 
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APPENDIX  A 


Theory  of  Free  Turbulence  in  Two  Dimensional  Jet  (Refs  1,  8) 

Theoretical  solution  to  two  dimensional  turbulent  free  jet  flow 
was  first  given  by  W.  Tollmien  who  used  Prandtl  's  old  mixing  length 
theory  (Ref  1).  In  1943,  Prandtl  proposed  a  new  theory  of  free 
turbulence  with  the  main  assumption  that  the  coefficient  of  turbulent 
viscosity,  not  the  mixing  length,  is  constant  over  a  cross  section  of 
the  jet  (Ref  1).  He  proposed  that  the  dimensionless  velocity  profiles 
at  various  cross  sections  of  the  flow  of  the  jet  are  similar. 

H.  Goertler  used  Prandtl 's  new  theory  and  arrived  at  much  simpler 
solutions  to  the  two  dimensional  turbulent  jet  (Ref  1).  In  the  present 
research,  experimental  data  on  the  velocity  has  been  compared  with  the 
Tollmien  and  Goertler  velocity  profiles.  The  following  represent 
Goertler's  solution  to  the  two  dimensional  turbulent  jet. 

The  equation  of  motion  for  the  two  dimensional  steady  isobaric 
flow  of  an  incompressible  fluid  can  be  represented  in  the  following 
form: 


“  ST  +  »  %  -  <«''> 

where  t  is  the  shearing  stress  acting  in  a  plane  perpendicular 
xy 

to  the  x-y  plane. 

According  to  Prandtl 's  new  theory,  shearing  stress  in  a  submerged 
jet  is  given  by 
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xy 


p  x  b  (U)  | 


and 


e  =  x  b  U 

where  e  is  the  virtual  kinematic  viscosity,  x  an  empirical  constant, 
b  is  the  half  width  of  the  jet,  and  LI  is  the  center-line  velocity. 

Substituting  the  value  of  in  A-l  momentum  equation  reduces 

to 


u 


3U 

8X 


+ 


and  equation  of  continuity 


(A-2) 


9u 

3x 


+ 


(A-3) 


In  two  dimensional  jets,  the  center-line  velocity  is  inversely 
proportional  to  the  square  root  of  the  distance  x  and  jet  width  is 
directly  proportional  to  the  distance  x  .  This  gives  the  relation 


U 


n 

/x 


(A— 4) 


and 


b  =  a  x 
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where  n  and  a  are  constants. 

Taking  a  fixed  characteristic  distance  s  from  the  origin,  the 
point  center-line  velocity  and  jet  width  would  be 

u  -  JL 

s  /s 


and 


b  =  a  s 
s 

Taking  the  ratios  respectively,  one  can  write 


and 


b 


b 


x 

s  s 


Similarly, 


=  X 


b  U 
s  s 
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Replacing  this  value  in  Eq  (A-2),  one  obtains 


u 


3u 

3x 


+ 


(A— 5) 


Let  us  define  a  new  variable  n  such  that 


dn  _ 


n 


a 


X 

and 


37  "  ana  3y  =  x 

Here,  a  is  a  free  constant  which  is  evaluated  experimentally. 


At  this  stage,  one  assumes  the  existence  of  a  stream  function  i1 
which  is  of  the  form: 


Us  /sx  F(n) 


such  that 


=  -v  and  =  u 

3x  3y 

This  stream  function  satisfies  the  equation  of  continuity  (A-3) . 
Evaluating  the  values  of  u  and  v  from  this  stream  function,  one 
obtains 


u 


a  .  us  ^ 

9y  a 


dii 


dy 


u  = 


(A-6) 
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Similarly, 


From  Eq  (A-6)  one  evaluates: 


3u 

3x 


3u 


and 


3  2  U 

3y2 


(A-7) 


Substitute  these  results  and  values  of  u  and  v  from  Eqs  (A-6)  and 
(A-7),  respectively,  in  the  original  momentum  equation  (A-2) .  After 
simplification,  the  momentum  equation  reduces  to  the  form: 

1  1  ec°2 

2  F'2  +  J  F  F"  +  ^  F"'  =  0  (A-8) 

us 

Since  c$  contains  free  constant  x  »  one  can  write  a  : 

a  = 

This  reduces  the  above  differential  equation  to 


(A— 9) 


Integrating  Eq  (A-9)  once,  one  obtains 


1 

I 


F  F' 


C 


1 
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or 

2  F  r  +  F"  =  c2 

Integrating  the  second  time,  one  obtains 

F2  +  F'  =  C2n  +  C3  (A-10) 

These  two  constants  of  integration  can  be  evaluated  with  the  aid  of 
the  two  boundary  conditions;  that  is,  at  y  =  0  and  y  =  ±  °°  ,  at 
y  =  0  ,  ip  =  0  and  u  =  U  .  That  is,  at  n  =  0  ,  F  =  0  and 
F'  =  1  ;  at  y  =  ±  “  ,  u  =  0  ;  that  is,  at  n  =±  00  ,  F'  =  0  . 

These  boundary  conditions  give  the  following  values  of  C2 
and  C^: 

C2  =  0  and  =  1 

Then  Eq  (A-10)  takes  the  final  form: 


The  velocity  ratio  is  given  by  Eq  (A-6) 


There  fore. 


jj  =  sech2  (n) 

The  value  of  the  single  empirical  constant  o  was  determined 
experimentally  by  H.  Reichardt,  who  found  (a  =  7.67) 

Goertler  also  made  another  assumption  that  u  =  ^  u  at 
y  =  y^  .  These  results,  along  with  the  Tollmien  solution,  are 
plotted  in  Figure  23,  which  forms  a  basis  for  comparison  between 
the  theoretical  and  experimental  results  in  this  research  for  the 
mean  velocity. 
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APPENDIX  B 


Evaluation  of  Center-Line  Velocity 
At  a  Fixed  Distance  From  the  Exit  (Ref  1) 

In  this  work,  ratio  of  center-line  velocity  to  the  exit  velocity 
has  been  frequently  compared  with  the  theoretical  result.  The  following 
represent  theoretical  relation  between  the  ratio  of  center-line  velocity 
to  the  core  velocity  and  distance  from  the  exit  plane  of  the  jet. 

Starting  with  Eq  (A-4)  of  Appendix  A,  which  shows  that  the  center- 
line  velocity  in  two  dimensional  jets  is  inversely  proportional  to  the 
square  root  of  the  distance  x  from  the  exit  plane. 


U 


cen 


JOL 

/x 


(B-l ) 


where  n  is  a  constant. 

In  a  free  plane  jet,  momentum  remains  constant.  Using  the 
equation  of  conservation  of  momentum 


00 

p  /  u2dy  =  P  U*or  bQ  =  constant  (B-2) 

where  UcQr  is  the  exit  velocity  and  b^  is  one  half  jet  width  at 
the  exit  (bg  =  0.5  mm)  .  Multiplying  and  dividing  the  left  side  of 
the  equation  by  U^en 
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U-  l  ^  dy  ■  u- 


(b-3: 


Now,  making  a  change  of  variable  to  evaluate  the  integral,  put 


=  y/ax  -+  dy  =  axd$ 


where  F'(<j>)  =  g— 

ucen 

at  y  =  0  -*•  4>  =  0 

and  y  =  °°  <p  =  2.4 


(Ref  IrTable  2.3) 


Then  Eq  (B-3)  reduces  to 


U 

U 


cen 

cor 


1 


t'2U)  <4 


(B-4) 


The  value  of  the  integral  can  be  found  from  tabular  data  of  Table  2.3 
of  Reference  1 . 


2.4 

/  F'z(<p)  <4  =  0.685 

0 


The  resulting  equation  from  Eq  (B-4)  would  be 
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The  value  of  the  constant  a  which  closely  fitted  the  Cerullo’s 
experimental  results  (Ref  2)  is 


Other  values  of  the  constant  a  ,  based  on  the  experimental  results 
range  from  0.09  to  0.12  for  plane  jets  and  0.066  to  0.076  for 
round  jets  (Ref  1). 

Setting  a  =  0.08  and  =  0.5  cm  ,  one  can  calculate  the 
length  of  potential  core  for  this  jet.  In  potential  core 


U  =  U 
cen  cor 


Then,  length  of  potential  core  is 


1.44  bf 


x„„  =  9.0  cm 
pc 


(B-6) 
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Since,  in  this  report,  all  data  were  taken  at  25.0  cm  from  the 


jet  exit,  putting  x  =  25.0  would  give  the  theoretical  value  of 
Ucen  ^  Ucor  ' 


Ucen  \ 

Ucor  J 


at  x  =  25  cm 


0.6 


( 8— 7 ) 
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APPENDIX  C 


Power  Requirement  for  L.D.V.  (Ref  3) 

During  the  course  of  the  present  study,  it  became  evident  that  the 
availability  of  sufficient  radiation  power  was  of  practical  importance 
to  Laser-Doppler  Anemometry.  Here  effort  is  made  to  derive  an  analytic 
expression  for  the  required  laser  power  as  a  function  of  velocity, 
optical  arrangement  and  photodetector  properties. 

It  was  shown  by  Van  de  Hulst  (1957)  that  the  intensity,  I  , 
of  scattered  light  at  a  point  a  large  distance  R  from  the  particle 
may  be  expressed  as 


I 


I0  F(e,t()) 
K2  R2 


(C-l) 


where  K  =  2tt/X  and  I0  is  the  beam  intensity.  Total  light  power, 
P$  ,  scattered  by  a  small  particle  can  be  obtained  by  integrating 
Eq  (C-l)  over  the  surface  of  a  sphere  of  radius  R  and  taking  the 
solid  angle  element  to  be  d<o  : 


P$  =  Jl  R2  do 


where  dco  =  sin0d9d<t> 


-  i*  U. 

K!  J 


ct>)sin©d0  d4> 


(C-2) 


(C-3) 
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Equation  of  total  scattered  power,  P$ 
the  scattering  cross-section,  Csca^  . 

factor’  Qscat  • 


,  may  be  rewritten  employing 
and  the  scattering  efficiency 


I  C 
o  scat 


=  (”rp,qsMt>  *0 


(C-4) 


where 


^scat 


F(0  ,d>)  sin0d0dcj> 


s 

is  called  the  scattering  cross-section  and  represents  an  area  the 
particle  seems  to  occupy  to  remove  the  total  power,  P$  ,  from  a  light 
beam  of  intensity,  I  ,  and 


scat 


'scat 


it  rn 


is  another  integral  quantity  that  has  been  used  to  quantify  light 
scattering  from  particles  is  the  so-called  scattering  efficiency  which 
is  the  ratio  between  the  scattering  cross-section  and  the  cross-section 
of  the  particles. 

Here  beam  intensity,  I  ,  can  be  written  in  terms  of  laser  power, 
i  and  focused  beam  diameter,  Dj  . 
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I 


0 


(C-5) 


Assuming  that  the  light  intensity  inside  the  measuring  control 
volume  is  constant,  the  total  number  of  scattered  photons  per  unit 
time  can  be  computed  to  be 


or 


4  P, 


TT  D, 


r 

scat 

2  hv 


(C-6) 


n 


s 


4  PL  Q 


scat 
2  hv 


The  particle  spends  only  a  very  short  time  inside  the  measuring 
control  volume.  This  time  interval.  At  ,  can  be  expressed  in  terms 
of  diameter,  dm  ,  of  measuring  control  volume,  velocity,  U  ,  of 
particle,  number  of  fringes,  Np^  ,  observed  by  the  photomultiplier 
tube  and  fringe  spacing,  s  : 


At 


dm 

U 


(C-7) 


Here  =  U/S  is  the  Doppler  frequency.  Replacing  this 
quantity  in  Eq  (C-7),  one  obtains 


(C-8) 
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Then,  within  this  time  interval  Ax  ,  Ng  number  of  photons  will 
be  scattered  in  all  directions. 


N$  =  ns  Ax  = 


4  PL  Qscat  rp2  NPh 
Dj2  hv  Vp 


(C-9) 


Equation  (C-9)  gives  the  total  number  of  photons  scattered  per 
particle  in  all  directions.  Only  a  small  portion  of  the  scattered 
photons  will  reach  the  photomultiplier  tube  due  to  finite  collection 
efficiency  of  the  light  collecting  system.  Then  the  number  of 
scattered  photons  collected  at  the  photomultiplier  tube  would  be 


N 


sc 


n  N 

C  S 


(C-10) 


where  n  is  the  efficiency  of  the  light  collecting  system. 

V 

Equation  (C-10)  gives  the  total  number  of  photons  detected  by  the 
photomultiplier  tube  per  particle.  The  number  of  electrons  leaving 
the  cathode  of  the  photomultiplier  tube  is  given  by  multiplying  the 
number  of  collected  photons,  N  ,  with  the  quantum  efficiency,  nn 


Ne  =  nqNsc 


4nq  \ 


PL  Qscat  rp2  NPh 
Dj2  hv  Vq 


(C-ll) 


Equation  (C-ll)  gives  a  quantified  relation  of  the  number  of  electrons 
per  particle  arriving  at  the  cathode  of  the  photomultiplier  tube. 

There  is  a  minimum  number  of  electrons  required  to  ensure  signal 
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detectability.  The  higher  the  number  of  electrons  per  particle,  the 
higher  the  signal-to-noise  ratio  will  be  and  the  Eq  (C-ll)  shows  the 
main  parameters  that  influence  the  accuracy  of  Laser-Doppler  measurements. 

In  the  present  study,  almost  all  the  parameters  were  constants  on 
the  right  hand  side  of  the  Eq  (C-ll),  except  focused  beam  diameter, 

Dj  .  In  the  above  relation  the  number  of  electrons,  Ne  ,  or  in 
other  words  signal-to-noise  ratio,  is  inversely  proportional  to  the  square 
of  the  focused  beam  diameter,  .  This  explains  the  deterioration  of 
signal-to-noise  ratio  or  the  output  of  the  photomultiplier  tube  as  the 
beam  diameter  increases.  An  increase  in  signal-to-noise  ratio  can  be 
expected  by  employing  the  following  techniques: 

(a)  Increasing  particle  size,  rp  ,  and  hence  increasing 
scattering  efficiency  at  the  expense  of  velocity  measuring  error. 

(b)  Increasing  the  illumination  in  the  measuring  control  volume 
by  decreasing  the  dimensions  of  the  focal  spot. 

(c)  Increasing  the  efficiency,  nc  ,  of  the  light  collecting 
system. 

(d)  Increasing  power,  PL  ,  of  the  laser. 

(e)  Decreasing  the  particle  velocity  and,  hence,  the  signal 
frequency,  v  . 
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APPENDIX  D 


Beam  Diameter  Measurement 

This  investigation  was  centered  at  the  effects  of  test  rhombus 
size  on  the  photon  correlation  laser  velocimeter  system.  This  required 
a  method  of  expanding  the  1.1  mm  diameter  laser  beam  to  various  sizes. 
This  appendix  deals  with  the  technique  of  expanding  the  laser  beam 
and  method  of  measuring  the  beam  diameter.  Results  of  some  sample 
cases  would  then  be  presented  at  the  end  of  the  appendix.  Figure  24 
shows  a  pictorial  view  of  the  experimental  set-up  used  for  measuring 
beam  diameter.  Following  represents  the  various  components  used  in 
this  experiment  and  their  functions. 

Laser.  A  15  mW  Spectra  Physics  Model  124A  helium-neon  laser  in 
conjunction  with  a  Model  255  DC  exciter  was  used  to  produce  a  single 
laser  beam  of  1.1  mm  in  diameter. 

Expanding  Lenses.  Three  different  sizes  of  expanding  lenses,  LI, 
L3  and  L6,  were  used  having  diameters  of  1.1  mm,  2.4  mm  and  7.4  mm  with 
focal  length  of  3.9  mm,  8.5  mm  and  25.9  mm,  respectively.  Figure  25 
shows  a  picture  of  this  expanding  lens. 

Pinhole  Aperture.  Three  different  sizes  of  pinhole  aperture,  A3, 
A4  and  A6,  were  used  having  aperture  diameters  of  6.8  pm,  10.0  pm  and 
and  22.0  pm,  respectively.  These  are  small,  round  holes  in  a  thin 
metal  disk,  which  are  used  for  spatial  filtering  of  laser  beam  to 
optimize  beam  uniformity,  and  for  other  diffraction  applications. 

Figure  25  shows  a  picture  of  pinhole  aperture. 
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Figure  25.  Expanding  Lens,  Pinhole  Aperture 
and  Spatial  Filter. 

Spatial  Filter.  Spectra  Physics  Model  332  spatial  filter 
utilizes  a  precision  pinhole  and  expanding  lens  (Figure  25  )  to 

eliminate  spatial  noise,  producing  a  smooth  Gaussian  intensity 
profile  across  the  collimated  beam  from  a  Model  336  telescope. 

Model  332  spatial  filter  contains  a  knob  for  aperture  adjustment 
in  the  x-axis.  Two  knobs  on  the  side  are  provided  for  aperture 
adjustments  in  the  Y  and  Z  directions.  It  can  be  mounted  directly 
to  the  laser  with  l"-32  thread. 

Collimating  Lens.  Spectra  Physics  Model  336  beam  expanding 
telescope  was  used  for  producing  a  collimated  beam  diameter  up  to 
50  mm  from  the  laser.  It  can  be  mounted  directly  to  Model  332  spatial 
filter.  When  used  with  Model  332,  it  produces  a  spatially  filtered 
output  beam  with  smooth  Gaussian  energy  distribution.  Figure  26 
shows  a  diagram  of  Model  336  mounted  on  Model  332  spatial  filter. 

Its  focal  length  varies  from  2  meters  to  infinity. 
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Power  Meter.  Spectra  Physics  Model  401 C  power  meter,  along 
with  a  sensing  head,  was  used  for  measuring  laser  output  power  up  to 
100  mil  full  scale.  Figure  27  shows  the  diagram  of  power  meter  and 
sensing  head.  A  recorder  output  is  located  on  the  front  panel,  through 
which  the  output  of  the  power  meter  can  be  directly  connected  to  the 
recorder. 

Traversing  Mechanism.  A  two-dimensional  traversing  mechanism 
having  12.0  cm  of  travel  in  both  horizontal  and  vertical  directions 
was  used  for  traversing  the  sensing  head  across  the  beam.  The  sensing 
head  was  mounted  on  a  plate  of  traversing  mechanism  which  in  turn 
could  move  in  two  directions  with  the  aid  of  two  reversible  electric 
motors.  Two  slide-pin  resistors  were  mounted  on  the  traversing  mechanism 
for  recording  the  travel  of  sensing  head  in  either  direction  on  the 
X-Y  recorder. 

Control  Unit  for  Traversing  Mechanism.  This  control  unit  provided 
electric  current  to  the  two  motors  of  the  traversing  mechanism  on 
pressing  the  respective  selection  button.  A  directional  (forward  or 
rear)  control  switch  and  motor's  speed  control  switch  were  provided  for 
regulating  the  direction  and  speed  of  each  motor. 

DC  Power  Supply.  Hewlett  Packard  DC  power  supply  was  used  to 
provide  the  DC  voltage  to  the  slide-pin  potentiometer  mounted  on  the 
traversing  mechanism.  The  output  from  the  potentiometer,  which 
corresponded  to  the  travel  of  sensing  head,  was  then  fed  to  the  ’X-Y 
recorder. 

Amplifier.  Tektronix  type  555  dual-beam  oscilloscope  was  used  for 
amplification  of  the  output  signal  from  the  power  meter.  This  amplified 
signal  was  then  fed  to  the  X-Y  recorder. 
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X-Y  Recorder.  Electro  Instrument  Model  320  X-Y  recorder  was 
used  for  plotting  the  beam  intensity  profiles  across  the  beam  diameter. 
These  plots  were  then  used  for  determining  the  beam  diameter. 

Procedure.  Interchangeable  Spectra  Physics  optics  (expanding 
lenses  and  pinhole  apertures),  when  used  with  Model  332  and  336,  provided 
an  easy  way  of  expanding  a  laser  beam  to  fixed  output  beam  diameter. 

Two  charts  shown  in  Figure  28  provide  a  guide  line  for  selecting  an 
appropriate  expanding  lens  (L  number)  to  achieve  desired  output  beam 
diameter  for  a  given  input  beam  diameter.  The  other  chart  is  used  for 
the  selection  of  aperture  (A  number)  for  a  chosen  lens  and  input  beam 
diameter.  The  three  lenses  and  three  apertures  provided  the  necessary 
combinations  to  form  four  different  output  beam  diameters. 

These  combinations,  along  with  their  approximate  output  beam 
diameters,  are  given  in  Table  III. 


TABLE  III 

Lens  and  Aperture  Combinations 


Lens 

L 

Aperture 

A 

Approximate  Output 

Beam  Diameter 

6 

6 

11  mm 

3 

6 

27  mm 

3 

4 

30  mm 

1 

3 

50  mm 
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Principle  of  Operation.  Spectra  Physics  beam  expanding  assembly, 
when  used  with  appropriate  lens  and  aperture,  expands  the  input  beam  to 
a  specified  diameter.  This  outgoing  beam  is  spatially  filtered  to 
produce  smooth  Gaussian  energy  distribution.  A  typical  energy  distribution 
curve  of  a  Gaussian  beam  is  shown  in  Figure  29  .  Here,  peak  intensity, 

I  ,  is  at  the  center  of  the  beam.  Beam  edges  are  defined  at  the  point 
where  intensity,  I  ,  is  equal  to  IQ/e2  where  I  is  the  maximum 
intensity.  Distance,  D  ,  is  then  defined  as  the  beam  diameter. 


Figure  29.  Intensity  Profile  of  a  Gaussian  Beam 


Results.  Four  different  combinations  of  beam  expanding  lenses 


and  apertures,  as  given  in  Table  III,  were  used  for  oxpanding  the  1.1  run 
laser  beam.  For  each  output  beam,  four  different  traverses  were  made. 
Two  traverses  were  made  in  horizontal  and  vertical  directions  across  the 
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beam  without  using  any  pinhole  aperture  in  front  of  the  sensing  head. 

The  other  two  traverses  were  made  in  the  same  directions,  but  using 
600  ym  pinhole  aperture  in  front  of  the  sensing  head.  Use  of  this 
pinhole  reduced  the  measi^ing  area  and  gave  more  detailed  intensity  profile 
of  the  beam.  Results  of  these  measurements  are  presented  in  Figure  30 
to  Figure  43  at  the  end  of  this  appendix.  Expanded  beam  diameter  from 
a  particular  lens  and  aperture  combination  was  determined  by  taking 
the  average  of  four  values  obtained  from  four  different  traverses. 
Experimental  values  of  measured  beam  diameters  are  given  in  Table  IV 
below. 


TABLE  IV 

Results  of  Beam  Diameter  Measurements 


Lens 

L 

Aperture 

A 

Experimental  Output 

Beam  Diameter 

6 

6 

12  mm 

3 

6 

27  mm 

3 

•4 

30  mm 

1 

3 

50  mm 
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BEAM  INTENSITY  PROFILE 
WITH  A -6  AND  L-6 
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Diameter  Without  Pinhole  in  Horizontal  Traverse 


Diameter  Without  Pinhole  in  Horizontal  Traverse 
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Experimental  Results 


FIG.  44. TURBULENCE  INTENSITY  PROFILES  USING  0.5  MM  BEAM 
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FIG. 45. TURBULENCE  INTE 
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FIG.  46. TURBULENCE  INTENSITY  PROFILES  USING  S.O  MH  BERN 
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FIG.  48. TURBULENCE  INTENSITY  PROFILES  USING  10  MM  BERN 
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Figure  49.  Turbulence  Intensity  Profiles  Using  10  mm  Beam  and  Corrected  for  U 


APPENDIX  F 


Experimental  Data 


TABLE  V 


Theoretical  Curves  Used  for  Comparison 
of  Velocity  Similarity  Profiles 


Gortler's  Solution 

r 

n 

v 

=  c  *-  and  n.  =  a-f 

=  0.8813736 

X  5  X 

n  =  a 

1-  =  L_ 

U 

X 

Ucen 

0.00 

0.00 

1.000 

0.25 

0.284 

.940 

0.50 

0.567 

.786 

0.75 
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.597 

0.8814 

1.00 

.500 

1.00 

1.135 

.420 

1.25 

1.418 

.280 

1.50 

1.702 

.181 

1.75 

1.986 

.114 

2.00 

2.269 

.071 

2.25 

2.553 

.043 

2.50 

2.836 

.027 

2.644 

3.000 

.020 
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